This article presents an experimental investigation carried out to understand the mechanical behavior of composite materials made of 3D stitched wovenknitted basalt fabrics. The innovative preforms used consist of two outer layers of a plain woven fabric combined with two inner layers of weft-knitted fabrics. The weft-knitted fabrics selected for the study were varied plain knit, 1 Â 1 rib, Milano, and interlock. The fabric layers were stitched together with Kevlar yarns. These 3D stitched preforms were impregnated with polyester resin using resin transfer molding, and the corresponding composites obtained were tested under tensile, bending, and impact loads. The results obtained show that the type of knitted structure significantly influences the mechanical performance of the 3D stitched woven-knitted composites. The composite using interlock structure as the inner layers has the best results concerning energy absorption and tensile strength. The varied plain knit structure has proved to be the best suited to impart stiffness as it provides the highest Young's modulus among the above four knitted structures.
INTRODUCTION
3D TEXTILE PREFORMS ARE used in composite materials to improve their delamination resistance, interlaminar fracture toughness, impact damage resistance, and postimpact mechanical performance [1, 2] . 3D textile preforms can be produced by weaving, knitting, braiding, and stitching. In contrast to the typical 3D integral woven, knitted, and braided preforms, stitching is characterized by the insertion of through-the-thickness yarns into traditional 2D preforms as a secondary processing step following lay-up [3, 4] . The advantages of such through-the-thickness stitching include not only the cost-effective joining of fabrics with an improved ease-of-handling of the dry preform but also improved interlaminar fracture toughness and impact damage resistance of composite parts [4] . To date, the effect of stitching on the mechanical properties of stitched composites has widely been investigated [57] . It has been shown that while the out-of-plane impact damage resistance can be improved due to the insertion of the through-the-thickness yarns [8] , the in-plane mechanical performance such as tensile strength, tensile modulus, compressive strength, and compressive modulus can be improved, seriously degraded or unchanged depending on the type of composite, the stitching parameters, and the loading conditions [4, 5] . Although a few studies show that the stitching improves the in-plane properties by an increase effectively fiber volume fraction parallel to the applied in-plane stresses [4] , most investigations report a substantial deterioration due to damage incurred as a results of the stitching process [5] . The damage may occur in various forms including broken fibers, resin-rich regions, and fine-scale resin cracking; however, fiber kinking and misalignment appear to have the greatest detrimental effects on the properties, particularly under tensile and compressive loading [5] .
It is necessary to point out that 3D stitched preforms are made by inserting the through-the-thickness yarns into 2D preforms. For this reason, the mechanical performance of their reinforced composites must be affected by the 2D preforms. However, most investigations found in the literature only focus on the effect of stitching process on the mechanical properties of the composite, few attentions have been paid to the effect of 2D preforms for stitched composites. Especially, few studies have focused on the combination of different kinds of 2D preforms in a stitched composite to achieve an optimized reinforcement effect. Today, the commonly used 2D preforms for stitching are still woven fabrics because of their wide application in composite reinforcement [9] . Although the noncrimp fabrics have recently been used as 2D preforms to improve the in-plane mechanical performance of the stitched composite [10, 11] , 3D stitched preform is still made from a single kind of 2D textile structure. Recently, Sun et al. [12] and, Zhang et al. [13] have suggested to use two different kinds of 2D textile structures in the same stitched preform for improving energy absorption capacity of the composite under impact. The transversal impacting mechanical properties of both composite material [12] and T-beam structural part [13] made of the stitched biaxial fabric and double-faced interlock preform were experimentally investigated using Hopkinson pressure bar and simulated using finite element analysis. However, their investigations only focused on one kind of knitted structure as the inner layers in stitched preform. Besides, other mechanical properties such tensile and bending properties were not studied.
New section of this study is to investigate the effect of different 3D stitched preforms formed with woven and knitted structures on the mechanical properties of their reinforced composites. As shown in Figure 1 , all the 3D stitched preforms used in this study consist of two woven fabrics as the outer layers and two knitted fabrics as the inner layers. The concept of this structure was based on the following considerations when the composite is used for better resistance against impact:
(a) In the front and back layers, the impact stress waves should be quickly transmitted along the panel direction (fabric plane direction) due to the straighter orientation of the yarns in the woven fabrics, thus allowing a larger amount of yarns to bear the impact load. Consequently, less damage is expected to be caused by the impact load. (b) In the inner layers, the knitted fabrics should absorb the transmitted impact stress waves in the thickness direction (perpendicular to the fabric plane direction). Due to the loop structures in the knitted fabrics, larger deformations will take place when the impact load is applied, and therefore, a larger amount of energy can be absorbed. (c) The stitching yarns play an important role in keeping all fabric layers together. When the impact load is applied to the composite, compression on the upper half and extension on the bottom half of the panel will take place, and therefore, the stitching yarns can help to avoid delamination from occurring.
In this article, the tensile, bending, and low-velocity impact properties of the composites made of different knitted fabric structures as the inner layers of 3D stitched preforms will be presented.
EXPERIMENTAL DETAILS

Preparation of 3D Stitched Preforms
One kind of woven fabric and four kinds of knitted fabrics were used to fabricate 3D stitched preforms according to the structure shown in Figure 1 . The woven fabric used was a plain weave made of basalt filaments. It was provided by Hengdian Group Shanghai Russia & Gold Basalt Fiber Co. Ltd in Shanghai. The structural parameters of the plain weave are listed in Table 1 . The four knitted fabrics used were, respectively, produced with varied plain knit, 1 Â 1 rib, interlock, and Milano ( Figure 2 ) on a STOLL CMS E10 electronic flat-knitting machine made in Germany. All the knitted fabrics were made of 280 tex basalt filament. Their structural parameters are listed in Table 2 . Table 3 shows the four kinds of 3D stitched preforms made by combining the above woven and knitted fabrics. The preforms were only varied by changing their inner knitted fabric structures and by keeping constant the woven fabric structure used in the outer layers. As shown in Figure 3 , all 3D preforms were stitched with 350 tex Kevlar129 yarn into square forms. This kind of stitching was selected because the stitching space in both weft and warp directions are the same. Also, the stitching process was easily realized with the existing equipment. Only one stitch density (1 square stitch/cm 2 ) was used. The weft and warp directions of all fabrics were kept the same for all the stitched preforms.
Fabrication of Composite Samples
A vinyl ester resin was used to produce the composite samples through resin transfer molding (RTM). Methyl ethyl ketone peroxide was used as catalyst and cobalt 2-ethylhexanoate as accelerator. The ratio of resin, catalyst, and accelerator was 100 : 2 : 1 by weight, respectively. All composite samples were cured for 24 h at room temperature followed by 8 h of postcuring in an oven at 80 C. A composite sample that was fabricated is shown in Figure 4 . The specifications of the composite samples made with the four different 3D stitched are listed in Table 4 . It was found that the composite using an interlock as the inner layers has the highest fiber volume fraction and thickness because interlock has the highest mass per unit area and the highest tightness factor among all four knitted fabrics used. Here, the tightness factor is defined as the ratio of the square root of yarn linear density in tex and loop length in a unit cell of the fabric structure. 
Tensile Testing
Composite samples for tensile tests were prepared according to the ASTM D3039/ D3039M-07 standard. Five 50 mm long and 25 mm wide rectangular samples were prepared for each testing direction (weft and warp). Tensile tests were conducted on a Hounsfield H100KS Universal Tensile Tester with a crosshead speed of 2 mm/min, using an extensometer to measure the deformation.
Three-Point Bending Testing
Three-point bending tests were also conducted on the Hounsfield H100KS Universal Tensile Tester, according to the ASTM D790-3 standard, with a crosshead speed of 2 mm/min. Five 200 mm long and 5 mm wide samples were prepared for each testing direction (weft and warp). The set span length l (the distance of two support points) was 16 times of the thickness for all the samples. After testing, the following equations were used for calculating the bending modulus and bending stress of each sample, respectively:
where E f is the bending modulus, r f is the bending stress, P is the load applied at the central point of the sample, ÁP is the increment of P, Áf is the central deflection increment, b and h are the width and thickness of the sample, respectively.
Impact Testing
An Imatek impact testing system was used to evaluate the low-velocity impact behavior of the 3D stitched composites under transverse loads. Square samples of 75 Â 75 mm 2 were used for the tests with three different dropping speeds (3.13, 3.83, and 4.43 m/s), which correspond to three different dropping heights (0.5, 0.75, and 1 m) of the impactor. The relation between the dropping speed and the impactor's height is given by the following equation:
where v is the dropping speed (m/s), g is the acceleration of gravity (m/s 2 ), and h is the impactor's height (initial vertical distance between the surface of the sample and the impactor (m)).
RESULTS AND DISCUSSION
Tensile Testing
The results obtained from tensile tests in both the warp and weft directions are shown in Table 5 and Figure 5 , respectively, for the composite samples made with all four 3D stitched preforms. By analyzing the data and curves, the following important points are noted:
(1) The variations of the stress with increases of the strain for all four composites are not totally linear. A yield point for each curve can be observed at the earlier stage of strain. This phenomenon is normal as the yarns in both the woven and knitted structures are not totally straight. The yarn crimp in the woven structure and the loop shape in the knitted structure resulted in this nonlinearity of the composites. On the other hand, the crimped yarns will increase deformation of the composites. This can be confirmed as the strains at fracture for all the composite samples are higher than those of the fibers used. The strains at fracture of the basalt filament and Kevlar129 used in this study were 0.031 and 0.033, respectively. These values are lower than the minimal strain value 0.038 of the composites shown in Table 5 . The higher strains can make the composites absorb more tensile energy. (2) All the composites have higher strength at fracture in the warp direction than in the weft direction. This phenomenon can be explained by the fact that all the knitted fabrics are constructed with loops. As a loop has two legs (two yarns) in the warp direction, but only has one yarn in the weft direction, more yarns are oriented in the warp direction than in the weft direction in a knitted fabric. Consequently, composites reinforced with knitted structures have better mechanical performance in the warp direction than in the weft direction. It is necessary to point out that as loop shape can be changed in different knitted structure, the difference of the tensile strength and modulus between the warp and weft directions for all composites can be different depending on the knitted structure used. Observing Table 5 , it was found that the difference of the mechanical performance between the warp and weft directions for the composites made with an interlock and varied plain knit as the inner layers is bigger than that of the composites made with Milano and rib as the inner layers because more yarns are oriented in the warp direction in interlock and varied plain knit. (3) The composite using an interlock structure as the inner layers has the highest strengths and specific tensile energy in both the warp and weft directions, whereas the composite using varied plain knit has the lowest strain at fracture in the weft direction and the highest modulus in both the warp and weft directions. As shown in Figure 2 , the interlock structure is formed with two ribs. It has the tightest loop structure and highest tightness factor so that the composite made with interlock as the inner layers has the highest fiber volume fraction. As the mechanical performance of a composite mainly depends on the fiber volume fraction when yarn orientations in the loops do not have significant changes, the composite made with interlock as the inner layers has the highest strengths and specific tensile energy in both the warp and weft directions. However, the varied plain knit has better yarn orientation in both the warp and weft directions due to longer yarn floats, which are formed by longer loop legs in the warp direction and longer sinker loops between two adjoining loops in the weft direction (Figure 2(a) ). The higher yarn orientations in the varied plain knit result in higher Young's modulus and lower strains of the composite.
It is necessary to point out that although the plain-woven structure and weft-knitted structures have different deformation behaviors, stitching them together can limit their difference of deformation under tension in the composite. As shown in Figure 5 (a) and (b), the sharp drops in the stress level to almost zero observed after fracture for all the composite samples indicates that the different woven and knitted reinforced layers in a composite were broken at the same time. This means that no difference of the deformation existed among these woven and knitted reinforced layers. Consequently, no delaminations occurred in the composite. This phenomenon can be explained by the fact that stitching keeps both the woven and knitted structure as an integrated structure and thus reduces their difference when subjected to extension.
From the tensile tests, it is possible to conclude that using an interlock as the inner layers in the 3D stitched preform can get the highest tensile strength of the reinforced composite because the 3D stitched preform made with interlock as the inner layers has the highest fiber volume fraction.
Three-Point Bending Testing
The results of the three-point bending tests for all the composite samples in the warp and the weft directions are shown in Table 6 and Figure 6 , respectively. The values of the bending modulus and bending stress listed in Table 6 were calculated according to Equations (1) and (2) .
Analyzing the results obtained, it was found that in the warp direction, the 3D stitched composite made with varied plain knit as the inner layers presents the highest bending modulus, and the 3D stitched composite made with interlock as the inner layers has the highest bending strength. Moreover, the 3D stitched composite made with interlock as the inner layers shows the highest ability to absorb bending energy. Both the composites made with Milano and rib as the inner layers show lower bending strength and stiffness. It was also found that in the weft direction, the composite made with varied plain knit as the inner layers has the highest bending modulus, whereas the composite made with interlock as the inner layers has the highest bending strength. The results also show that the composite made with the same knitted structure as the inner layers always has better performance in the warp direction than in the weft direction. All these variation trends in three-point bending tests are very similar to the case of tensile tests because the composites were made with the same 3D stitched preforms. However, a special phenomenon needs to be mentioned in the three-point bending tests. Analyzing the stressdeflection curves, it was found that the step-like drops in stress tend to occur after the maximal tensile strength is achieved due to the earlier break of the outer surface woven layer that has smaller deformation ability. The curve for the composite made with interlock in the warp direction clearly shows the step sequence of breaking of the structures, which occurs first at the outer woven layer, followed by the bottom knitted layer, then the upper knitted layer, and finally the inner woven layer. To avoid the step-like drops, the bottom outer layer fabric should have higher deformation ability than inner layers. In this case, using the woven fabric as the outer layer is not a good choice for bending as the woven fabric has lower deformation ability than knitted fabric.
Impact Testing
As explained before, the 3D stitched preforms were designed to withstand impact loads by combining the advantages of both the woven and knitted structures. Although the straight yarns in the woven structure are used to transmit the impacting stress waves in a larger area, the loops in the knitted structures are used to absorb the impacting energy. For this reason, drop impact testing was carried out in this work to assess the impact performance of the composites made with this kind of 3D stitched preforms.
The loaddisplacement curves for all four kinds of composite samples tested with three different impacting speeds (3.13, 3.38, and 4 .43 m/s) are shown in Figure 7 (a)(c), respectively. According to these curves, it is possible to divide the impact into two main stages as follows: compression deformation and rebounding of the samples. The compression deformation can further be split into different phases. At the initial impact, the load linearly increases as the displacement increases. This is due to the elastic deformation of the composite under low load. At that time, the stress wave produced from impact can propagate along the surface layer rapidly due to the straighter yarns arrangement of the woven fabric. With increase of the displacement, matrix cracking occurs and propagates, followed by damage of the interface matrix/fiber. As the load continues to increase, the basalt filaments and aramid stitching yarns are stretched and breakage of the fibers occurs as they are no longer able to bear the load. It is necessary to point out that all the loaddisplacement curves in the compression deformation stage do not smoothly increase and sawtooth fluctuations are observed. This phenomenon is due to the asynchronicity of breakage of the different layers and different yarns.
In order to compare the influence of knitted structure on the performance of the composites against impact, the specific energies absorbed by each composite under different impact speeds were analyzed and their variations with displacement are shown in Figure 8 (a)(c), respectively. Two stages of the impact can very clearly be identified from these curves. The first stage corresponds to the energy absorption of the composite samples, and the second stage corresponds to the release of the energy. It was found that the composite made with the interlock as the inner layers shows the best impact energy absorption ability. This can be explained by its double-layer-like interlock-knitted structure. The interlock structure presents AE45 out-of-plane yarn orientation, which increases the yarns/fiber directions for energy propagation. For this reason, the composite reinforced with interlock possess higher specific energy absorption ability. As explained before, interlock is formed with two 1 Â 1 rib structures intermeshed with crossed loops. It seems that the yarns in these crossed loops play an important role in impact energy absorption. The results presented in Figure 7 and Figure 8 also show the influence of the impacting speeds on the deformation and energy absorption of the 3D stitched composite samples. In order to clearly illustrate this influence, the two sides (front and back) of the impacted composite samples under different impacting speeds were photographed and are shown in Figure 9 . It is found that the plastic deformation after impacting increases with increase of the initial height of the impactor, that is, initial impacting speed. 
CONCLUSIONS
3D stitched woven-knitted fabric reinforced composites were manufactured using RTM. Tensile, bending, and impact tests were carried out and corresponding stressstrain, stressdeflection, impact loaddisplacement, and specific energydisplacement curves were presented. According to the results of this experimental work, it is possible to conclude that:
(a) 3D textile preforms with high mechanical performance and low cost for composite reinforcement can be easily produced by stitching different kinds of 2D textile structures, which have different yarn orientations and fiber volume fractions. 3D preforms used for better resistance against impact can be made by employing the woven fabric structure as the outer layers and knitted fabric structure as the inner layers. (b) The mechanical properties of 3D stitched woven-knitted composites depend on both 2D woven and knitted structures and their stacking arrangements. Stitching plays an important role in keeping the structural integrity and preventing the composite from delaminations among the different fabric layers. (c) The tensile behavior of all the 3D stitched woven-knitted composites in the warp direction is better than in the weft direction due to better yarn orientation and distribution in the knitted loops in the warp direction. The composite made with varied plain knit as the inner layers shows the highest Young's modulus, whereas the one with interlock shows the highest tensile strength and energy absorption. (d) The bending curves with the step-like drops in stress after the initial fracture indicate the break sequence of the fabric layers from the bottom to the upper layers. To avoid the step-like drop, the bottom fabric layer should have higher deformation capability than the inner fabric layers. (e) The load and energy absorbed increase with an increasing of the impact speed during impacting tests. The composite reinforced with interlock as the inner layers shows the best impact properties due to the tightest structural feature and the fibers oriented in the out-of-plane directions of the composite panel.
